Introduction
Significant advancements have been made in terms of survival and treatment modalities for hematologic malignancies in recent decades. Survival rates exceed 90% for many hematologic malignancies. Despite impressive survival rates, patients incur many systemic toxicities and late effects from conventional therapies such as chemotherapy and radiation. Furthermore, outcomes for patients who do not obtain remission or who relapse are generally dismal. These patients often require allogeneic hematopoietic stem-cell transplantation (HSCT) but may not have a suitable donor source or be a good candidate for HSCT. Prognosis is even worse when relapse occurs following HSCT. Immunotherapy offers novel therapeutics for patients whose disease has failed to respond to conventional treatment modalities including HSCT (or who are unsuitable for HSCT) while also potentially reducing systemic toxicities and late effects.
The therapeutic advantage for T-cell immunotherapy arises from the graft versus leukemia (GVL) effect noted after HSCT. Donor lymphocyte infusions (DLIs) have been used to amplify this effect as first described in 1990 when patients with chronic myeloid leukemia (CML) with relapsed disease post HSCT achieved cytogenetic and molecular remission following DLI [Kolb et al. 1990 ]. However, DLI carries the risk of graft versus host disease (GVHD) and also has not been as effective in acute leukemia [Nikiforow and Alyea, 2014] . Adoptive T-cell immunotherapy techniques such as chimeric antigen receptor (CAR) T cells and tumor-associated-antigen (TAA) T cells attempt to harness the GVL effect while minimizing the risk of GVHD. Figure 1 . Generation of tumor-antigen specific cytotoxic lymphocytes (CTLs). Antigen-presenting cells are pulsed with peptide mixtures of tumor-associated antigens and used to stimulate T cells in the presence of cytokines to select and expand tumor antigen specific T cells. PBMC, peripheral blood mononuclear cells.
ability through modifications that attempt to overcome tumors' evasive mechanisms.
Nongene-modified T cells for hematologic malignancies
The basis for adoptive immunotherapy with nongene-modified T cells arises from the use of DLIs for leukemia relapses post HSCT as a way to bolster the GVL effect. While DLIs have induced sustained remissions in patients with CML with relapsing disease post HSCT, this technique has been much less successful in acute leukemias likely secondary to their rapid proliferation while DLI effects take months to achieve full benefit [Deol and Lum, 2010] . Furthermore, very large cell doses are needed in acute leukemias, which dramatically increases the risk of GVHD [Deol and Lum, 2010] .
The success of DLI has prompted further work to harness the GVL effect while using T cells more specific than DLI through the use of ex vivo generated tumor-specific cytotoxic T lymphocytes (CTLs). Ex vivo generated CTLs were initially designed to treat viral infections post HSCT. Building upon these principles, tumor-specific CTLs have emerged through a process that entails repeated stimulations with antigens to expand T cells that are specific for tumor cells [Bollard et al. 2004 ] (see Figure 1 ). Antigens used include minor histocompatibility antigens, viral-specific antigens, and leukemia-specific antigens.
Gene modified T cells for hematologic malignancies
CAR-modified T cells CAR-modified T cells have been used as both a bridge to transplant and as treatment for relapsed disease or as an adjuvant therapy for high-risk patients post-HSCT. CAR-modified T cells as first described by Eshhar and colleagues can theoretically recognize any target (i.e. not only proteins) in an human leukocyte antigen (HLA)-independent manner with significantly enhanced potency [Gross et al. 1989 ]. These receptors are composed of an extracellular recognition domain (usually derived from the variable regions of an antibody) coupled to intracellular signaling domains that combine both signal 1 (T-cell receptor complex) and signal 2 (costimulatory molecule signaling) from the T cells [Finney et al. 1998; Maher et al. 2002 ] (see Figure 2 ). As discussed below, the clinical utility of the CAR approach is highlighted by remarkable clinical responses using CD19-CAR modified T cells, especially for the treatment of pediatric patients with acute lymphoblastic leukemia (ALL). However, major concerns exist, including significant and potentially life-threatening toxicities associated especially with CAR-CD19 T cell-mediated cytokine release syndrome in patients with high disease burden and the risk of tumor antigen loss when targeting a single TAA leading to relapse.
T-cell receptor modified T cells
T-cell receptors (TCRs) confer high specificity onto their T cells, and the genetic modification of the TCR complex onto other cells is the basis of αβ TCR gene transfer (see Figure 3 ). However, concerns with the TCR gene transfer are the limitations of an HLA-restricted approach targeting a single TAA epitope and potential mispairing that may occur between endogenous TCRs and the introduced TCR. Mispairing can either decrease the effectiveness of the therapy, or the new TCR may recognize self proteins and potentially cause harmful alloreactivity [Cameron et al. 2013; Linette et al. 2013; Schumacher, 2002] . Bendle and colleagues demonstrated in a mouse model that lethal transfer-induced GVHD can occur secondary to this cross pairing [Bendle et al. 2010 ]. However, clinically significant cross-pairingmediated toxicity has not yet occurred in human clinical trials [Morgan et al. 2006; Johnson et al. 2009; Rosenberg, 2010] .
Clinical experience using T cells for hematologic malignancies
Nongene-modified T cells Antigen-specific T cells targeting viral antigens. Some tumors express viral antigens with Epstein Barr virus (EBV)-associated lymphomas being the most common. After primary infection, EBV remains in a latent state in B cells in most immune competent hosts, but immunocompromised hosts following solid organ transplant and HSCT are susceptible to an EBV-driven lymphoproliferation termed post-transplant lymphoproliferative disease (PTLD). While DLIs can restore T-cell immunity and eradicate PTLD, this method carries a high risk of GVHD [O'Reilly et al. 1996 ]. Donor-derived EBV CTLs were infused prophylactically in 101 patients post transplant to prevent PTLD. None of these patients developed PTLD compared with an incidence of 11.5% in the historical cohort. Furthermore, in 11 of 13 patients who had already developed PTLD, complete remission (CR) was obtained after receiving EBV CTLs [Heslop et al. 2010] . Given the overwhelming effectiveness of EBV CTLs for PTLD, Haque and colleagues investigated whether this therapy could be made more readily available by using third-party, allogeneic EBV CTLs matched through at least one HLA type [Haque et al. 2010] . Early trials found a 52% response rate at 6 months. A good manufacturing practice (GMP)-compliant, third-party, EBV-specific CTL bank was established and in its first 2 years of operation, EBV-specific CTLs were administered to 10 patients with PTLD, 8 of whom have had a CR [Vickers et al. 2014 ].
EBV-associated malignancies can also occur in the immune-competent host. Tumor cells in around 40% of Hodgkin lymphomas (HLs) and non-Hodgkin lymphomas (NHLs) express the type II latency EBV antigens latent membrane protein 1 (LMP1) and LMP2. Bollard and colleagues infused LMP CTLs into patients either with persistent disease or at high of relapse [Bollard et al. 2014] . In both patient cohorts, there was no toxicity associated with LMP-CTL infusion. In patients with persistent disease at the time of LMP-CTL infusion, 11 of 21 patients attained CR. For the 29 patients receiving LMP CTLs due to high risk of relapse, 27 patients remained in remission with a CR median of 2.5 years. This study demonstrates both the efficacy and safety of LMP CTLs for EBV-associated malignancies.
Antigen-specific T cells targeting nonviral antigens. However, many hematologic malignancies do not express a viral-associated antigen that can be targeted in adoptive immunotherapy. Tumor antigens are typically self proteins that are mostly weakly immunogenic, and most T cells do not have the receptors capable of avidly binding to self antigens as a means of avoiding possible autoimmune reactions [Janeway et al. 2005 ]. However, Falkenburg and colleagues [1999] demonstrated that remission could be induced in a patient with CML and leukemia-reactive CTL lines, prompting further work in this field.
As the GVL effect in HLA-identical HSCT is thought to be secondary to T cells that recognize recipient minor histocompatibilty antigens (mHAg), the role of mHAg CTLs in adoptive immunotherapy has been studied [Bleakley and Riddell, 2011] . A phase I study infused seven patients with relapsed leukemia post-HSCT with mHAg-specific CTLs. Five of the infused patients attained CR after cytoreductive chemotherapy, withdrawal, or reduction of immune suppression, and infusion of mHAg-specific CTLs. Of note, three patients had persistent disease after chemotherapy and only obtained remission with CTL infusion. However, all five patients subsequently had relapsing disease. Furthermore, grade 3 or 4 pulmonary toxicities developed in three patients [Warren et al. 2010] . Despite its initial promises, manufacturing mHAg CTLs has proven to be time consuming and expensive, and not readily applicable to a diverse range of patients and malignancies.
Given the limitations of mHAg CTLs, others have sought to create tumor-associated-antigen T cells that would be applicable to a broad range of hematologic malignancies. Wilms Tumor antigen 1 (WT1) is a transcription factor overexpressed by leukemia cells as it is expressed in 70-90% of acute leukemias [Brieger et al. 1994; Menssen et al. 1995; Rezvani et al. 2007 ]. Chapuis and colleagues infused 11 patients post HSCT with HLA-A*0201restricted WT1-specific donor-derived CD8+ T cell clones [Chapuis et al. 2013] . Two patients with evidence of disease at the time of CTL infusion had clinical responses, and three patients who were at high risk for relapse remained in CR. Based on previous studies that showed interleukin (IL)-21 may improve T-cell persistence and proliferation by promoting expansion of less terminally differentiated T cells [Hinrichs et al. 2008; Li et al. 2005 ], T cells for four patients were generated in the presence of IL-21 once it became available for clinical/GMP use. Improved persistence and proliferation was noted in the subset of T-cell lines generated using IL-21 in vitro. However, only a quarter of patients who received T cells generated with IL-21 had detectable leukemia at the time of T cell infusions compared with 5/7 who received T cells generated without IL-21. Though the sample size is too small to draw definitive conclusions, the only patient with a detectable leukemia burden at the time of CTL infusion who remained alive and in remission at the time of follow up received CTLs generated in the presence of IL-21.
To increase the effectiveness and applicability of TAA CTLs, several groups have recognized the advantage of developing polyclonal and polyfunctional T cells that target multiple tumor antigens in a single cell therapy product. Gerdemann and colleagues have been successful in generating T cells from healthy donors and patients with lymphoma that target multiple TAAs [SSX2, melanoma-associated antigen A4 (MAGEA4), survivin, PRAME, and NY-ESO-1)] present in EBV-negative HL and NHL [Gerdemann et al. 2011 ]. These multi-TAAs CTLs show in vitro cytolytic activity against autologous lymphoma cells but have not yet been tested in a human model. Similarly, Weber and colleagues generated multi-TAA-specific CTLs from healthy donors targeting myeloid malignancy antigens (proteinase 3, preferentially expressed antigen in melanoma, WT1, human neutrophil elastase and melanoma-associated antigen A3) [Weber et al. 2013b] ) and T cells specific for WT1, MAGEA3, PRAME, and survivin from patients with ALL on maintenance therapy [Weber et al. 2013a ]. In both studies, the multi-TAA specific T cells showed cytolytic activity against leukemia blasts [Weber et al. 2013a [Weber et al. , 2013b . Phase I clinical trials are currently underway: Baylor College of Medicine group using multi-TAA-specific CTLs that target five antigens commonly expressed in lymphoma: PRAME, SSX2, MAGEA4, NY-ESO-1, and survivin [ClinicalTrials.gov identifier: NCT01333046]; and CNMC using multi-TAAspecific T cells targeting three antigens commonly expressed in leukemias: WT1, survivin, PRAME [ClinicalTrials.gov identifier: NCT02203903]. Building upon a successful case report of using bcr-abl CTL for CML [Bornhauser et al. 2006 ], a group in Dresden prophylactically infused 14 patients with CML post HSCT with donorderived multi-TAA CTLs (WT1, PR1, and bcrabl). At a median of 45 months follow up, 13 of 14 patients were alive, and 7 patients remained in molecular remission [Bornhauser et al. 2011 ].
Gene-modified T cells for hematologic malignancies CD19-chimeric antigen receptor modified T cells for leukemia and lymphoma. Arguably, the most remarkable experience to date is the use of CD19 CAR-modified T cells for the treatment of patients with CD19+ B-cell malignancies (Table 1) . Early experiences with CD19 CAR T cells were limited by a general lack of persistence that coincided with poor clinical responses. These cells incorporated so-called 'first-generation' CARs, which only used the TCR ζ chain as the sole signaling domain [Jensen et al. 2010] . Subsequent studies suggested that the addition of costimulatory molecules in the construct (i.e. 'second-generation' CARs) could provide improved persistence and antitumor activity in vivo [Kowolik et al. 2006 ]. In a proof of principle study, the group at Baylor College of Medicine infused two populations of T cells: T cells expressing a first-generation CD19 CAR, and T cells expressing a second-generation CD19 CAR including the CD28 costimulatory domain to patients with chronic lymphocytic leukemia (CLL) or NHL. The study conclusively demonstrated that T cells modified with the second-generation CAR persisted longer than T cells modified with the first-generation CAR. Hence, this study showed that costimulation will enhance CAR T-cell proliferation and persistence in vivo. However, the overall efficacy of the CAR T cells in this study was limited [Savoldo et al. 2011] .
Subsequent studies then evaluated how to improve the efficacy of this approach. The group at the National Cancer Institute (NCI) used a defined lymphodepletion regimen prior to T-cell infusion to enhance persistence of CAR T cells by eliminating competing endogenous cells [Kochenderfer et al. 2010; Rosenberg, 2011] . The lymphodepleting regimen consisted of cyclophosphamide and fludarabine prior to infusion of T cells genetically modified with a retroviral vector expressing the second-generation CD19 CAR containing the CD28 costimulatory domain. Eight patients with progressive B-cell malignancies (CLL and follicular lymphoma) were enrolled with six clinical responses seen [Kochenderfer et al. 2012 ]. More recently, impressive results have also been seen in patients with diffuse large B-cell lymphoma (DLBCL) in a follow up to this study in which the same group treated nine patients with DLBCL, two with indolent lymphomas, and four with CLL [Kochenderfer et al. 2015] . Of the 15 patients treated, there were eight CRs (including four patients with DLBCL), four partial remissions, one stable disease, and two not evaluable. Subsequently, the University of Pennsylvania used a lentivirus vector expressing 41BBL instead of CD28 as the costimulatory signaling domain. Infusion of these lentivirus modified T cells following customized 'dealers choice' chemotherapy regimens initially showed impressive responses in two-thirds of patients with CLL Porter et al. 2011 ], suggesting that each CARexpressing T cell eradicated more than 1000 CLL cells . While these results in CLL have not been sustained, most dramatic are the successes that have been observed using second-generation CD19-CAR T cells for the treatment of pediatric and adult patients with ALL [Grupp et al. 2013; Lee et al. 2015] . Groups at Memorial Sloan Kettering Cancer Center, NCI, University of Pennsylvania/Children's Hospital of Philadelphia Seattle and BCM have now demonstrated response rates ranging from 70% to 90% in some patients with the poorest prognosis ALL [Brentjens et al.2013; Cruz et al. 2013; Grupp et al. 2013; Kochenderfer et al. 2012 ]. Despite these highly promising results, it is still difficult to determine the optimal CAR approach since each protocol varies in terms of CAR design, T-cell production, prior conditioning chemotherapy, and tumor burden .
A concern with CD19-CAR T cells is antigen loss as many patients have relapsing disease with CD19-negative leukemia. Therefore, attempts to develop CARs targeting other tumor targets are now a substantial focus of this field, and a clinical trial utilizing T cells modified with a CD22 CAR has just opened at the NCI for patients with relapsed ALL [ClinicalTrials.gov identifier: NCT02315612] [Haso et al. 2013 ]. In addition, to further improve the efficacy of CAR-modified T cells, groups are incorporating two or more costimulatory domains (third-generation CARs) Jena et al. 2010] or combining them with other antibody recognition domains (tandem CARs) [Grada et al. 2013 ]. CD20 expression occurs in more than 90% of B-cell lymphomas and is commonly retained on the surface of relapsed NHL even in (BCM) the setting of repetitive anti-CD20 antibody exposure which makes it an appealing target for immunotherapy [Budde et al. 2013] . In a proof of concept study, a group from Fred Hutchinson Cancer Research Center showed that first-generation CD20 CAR therapy was safe and feasible but had modest antitumor effect and disappointing persistence of infused T cells [Till et al. 2008] . A later pilot clinical trial from the same group used third-generation CD20-specific CARs with CD28 and 4-1BB costimulatory domains in three patients with indolent B-cell and mantle cell lymphoma (MCL) [Till et al. 2012] . Infusion was well tolerated in all three patients with only transient symptoms of fever and hypoxemia in one patient. Two patients remained progression free for 12 and 24 months (median time for MCL progression is 6 months), and the third patient had objective partial response but had relapsing disease 12 months after infusion.
Immunotherapy approaches for acute myeloid leukemia (AML) have thus far lagged behind ALL and lymphomas, as determining an appropriate and safe target has been difficult. While CD33 is expressed on 88% of pediatric AML blasts [Creutzig et al. 1995] , its presence on maturing hematopoietic progenitor cells and Kupffer cells in the liver is concerning for significant 'on-target, off-tumor' toxicity that could cause myelosuppression and hepatotoxicity. However, as CD33 is not expressed on the CD34+ pluripotent hematopoietic stem cell [Dinndorf et al. 1986 ], it remains a promising target. Gemtuzumab ozogamicin (GO), an anti-CD33 monoclonal antibody linked to the cytotoxic antibiotic calicheamicin, was approved in 2000 for relapsed AML in adults following promising phase I and phase II trials [Bross et al. 2001] . GO, however, was voluntarily withdrawn from the US market in 2010 due to increased induction mortality in one adult study although the control group had a notably low induction mortality rate [Petersdorf et al. 2013] . Other groups however continue to investigate CD33 as a target antigen for immunotherapy. Wang and colleagues recently reported the first clinical trial in which one patient with refractory AML received CD33-specific CAR T cells [Wang et al. 2015] . The patient had a transient improvement with a marked decrease in blast percentage in the bone marrow 2 weeks after infusion but developed florid disease progression by week 9 and died 13 weeks after infusion. The patient had significant pancytopenia at baseline, and thus, it is unclear what impact CD33-targeted CAR therapy had on hematopoiesis. Due to the concerns about CD33targeted therapy, other targets have been sought. LeY is a difucosylated carbohydrate antigen whose function is unclear but known to be expressed by several malignancies including AML. A group in Australia has infused LeY CAR T cells into four patients with relapsed AML, and three patients showed clinical responses [Ritchie et al. 2013 ]. CAR T cells persisted for up to 10 months, but ultimately all patients developed disease progression.
Although not yet tested in humans, CD123 is another promising target as it is overexpressed on AML cells more than on normal hematopoietic cells, and preclinical trials are currently underway [Mardiros et al. 2013] .
Non-T cell immunotherapy approaches for hematologic malignancies
Building upon the success of monoclonal antibodies such as rituximab in hematologic malignancies, there has been growing attention to novel antibodybased therapies such as brentuximab vedotin (BV) and blinatomomab. Brentuximab vedotin is a CD30-specific monoclonal antibody-drug conjugate that has improved outcomes in patients with refractory or relapsed HL and systemic anaplastic large cell lymphoma (ALCL) as first demonstrated by Younes and colleagues [Younes et al. 2010] . Numerous adult studies are underway using BV for HL and ALCL as well as other CD30-specific malignancies [Ansell, 2014] . In addition, the Children's Oncology Group as two open pediatric trials incorporating BV for refractory or relapsed HL (AHOD1221, phase I/II) and newly diagnosed ALCL (ANHL12P1, phase II). Bispecific T cell engager (BiTE; Amgen, Thousand Oaks, CA) antibodies are bispecific monoclonal antibodies that enable binding of T cells to targeted tumor antigens, of which blinatumomab has had the most clinical success. Blinatumomab, a CD3/CD19 BiTE, was first shown to have efficacy in an adult phase I trial for indolent NHL [Bargou et al. 2008] and subsequently in B-cell ALL with relapsed or persistent disease [Topp et al. 2012] . In a multicenter phase I trial, blinatumomab had a 41% overall response rate in pediatric patients with refractory or relapsed B-cell ALL [Von Stackelberg et al. 2013] and is currently a part of a phase III Children's Oncology Group trial (AALL1331) for patients with relapsed B-cell ALL. While there are numerous other emerging antibody therapies, a detailed discussion is outside the scope of this review.
Challenges with T-cell therapies
Overcoming toxicity. As with all therapies, toxicity is a major concern for adoptive T cell immunotherapy and can be classified as autoimmune toxicity or cytokine-associated toxicity. Autoimmune toxicity is an 'on target, off-tumor toxicity' that results when nonmalignant host tissue also expresses the tumorassociated antigen. The ideal antigen will have overexpression in the targeted malignancy but minimal to nonexistent expression in normal tissue as a way of minimizing adverse events. MAGEA3 is commonly expressed in many tumors, including leukemia, making it an appealing antigen for immunotherapy. However, the development of an affinity-enhanced TCR directed to a HLA-A*01restricted MAGEA3 (EVDPIGHLY) led to significant adverse events, including severe neurologic toxicity due to cross reactivity with an epitope on MAGEA12 expressed in the brain white matter [Morgan et al. 2013] and fatal cardiac toxicity secondary to an unexpected cross reaction with an epitope on the cardiac muscle protein titin [Linette et al. 2013 ]. B-cell aplasia is an expected 'on target' toxicity associated with CD19-targeted CAR therapy as CD19 is expressed not only on malignant but also normal B cells. However, patients can be supported with immunoglobulin infusions during this time of B-cell aplasia [Grillo-Lopez et al. 2000 ].
Cytokine-associated toxicity, commonly referred to as cytokine release syndrome (CRS), occurs due to overactivation of the immune system and release of inflammatory cytokines. CRS manifests in a variety of ways, but fever is almost always present. Cardiac dysfunction, respiratory distress, rash, renal failure, and neurologic complications are also common. Unlike CRS with monoclonal antibodies which occurs minutes to hours after infusion, CRS associated with T-cell immunotherapy typically occurs days to weeks after infusion and appears to coincide with maximal in vivo T-cell expansion [Lee et al. 2014] . While several cytokines have been associated with CRS, IL-6 appears to play a prominent role. Tocilizumab, a humanized monoclonal antibody against the IL-6 receptor, has emerged as a promising therapy for severe, life-threatening CRS while corticosteroids remain as a second-line therapy due to their less potent effect on CRS as well as their immunosuppressive effects [Lee et al. 2014] . Safety switches such as the icaspase 9 system have also been incorporated into T cells in an attempt to improve their safety profile. With this approach, in the presence of toxicity mediated by the gene-modified T cells, administration of an inert dimerizing agent brings together two halves of the protease involved in initiating the apoptotic cascade resulting in rapid elimination of the gene modified T cells and reversal of the clinical symptoms [Di Stasi et al. 2011; Zhou et al. 2014] .
Overcoming tumor immune evasion. Hematologic malignancies have evolved means of immune evasion, most notably the phenomena of tumor escape and immune editing. Tumor escape involves the loss of antigen presentation through downregulation of MHC and costimulatory molecules or epigenetic downregulation of tumor antigen through demethylation. Immune editing includes T cell suppression through production of cytokines such as transforming growth factor β (TGFβ), recruitment of suppressor cells, and other less defined mechanisms that favor an exhaustion T cell phenotype.
Targeting multiple tumor-associated antigens should decrease immune evasion by tumor variants with antigen loss. However, this may be further enhanced by using epigenetic modifiers to upregulate TAA expression. Goodyear and colleagues showed that azacitidine (AZA) and sodium valproate (VRA) upregulated the expression of MAGE antigens in AML and myeloma [Goodyear et al. 2010 ]. Furthermore, they showed that while only 1 of 21 patients had a CTL response to MAGE antigen prior to AZA/VPA therapy, a response was induced in 10 patients after therapy with AZA/VPA. Similarly, Cruz and colleagues demonstrated that decitabine, a demethylating agent, upregulates the expression of MAGEA4 in HL [Cruz et al. 2011] .
TGFβ is secreted by the tumor immunosuppressive microenvironment, which prevents proliferation of both CD4+ T helper type cells and cytotoxic T cells. This effect can be mitigated by rendering T cells resistant to the effects of TGFβ through the use of a mutant dominant negative TGFβ type II receptor (DNR) that is nonfunctional . DNR-transduced CTLs have proven to be resistant to the antiproliferative effects of TGFβ as well as eradication of tumor cells in vivo [Foster et al. 2008] . CTLs expressing the DNR may therefore have a selective advantage in vivo in patients with TGFβsecreting tumors such as HL. A phase I study has shown stable disease to CR in eight patients receiving DNR-transduced LMP CTLs and persistence of these T cells for over 3 years [ClinicalTrials.gov identifier: NCT00368082].
While TCR-modified T cells expand the naturally occurring T-cell repertoire to better target tumor antigens, their use is limited not only by the cost and time associated with their generation but also the fact that tumor antigens are frequently weakly immunogenic self antigens. To overcome these limitations, Liddy and colleagues have developed immune-mobilizing monoclonal TCRs against cancer (ImmTACs). ImmTACs are tumor-associated epitope-specific monoclonal TCRs with picomolar affinity combined with a humanized CD3-specific scFv which have demonstrated in vitro and in vivo ability to redirect T cells to target tumor cells even with extremely low surface epitope densities [Liddy et al. 2012] . ImmTACs also offer the advantage of being marketed as an 'off the shelf' therapy, making them of being more readily available than many cellular-based therapies that require timely ex vivo manipulation of lymphocytes. A phase I study [ClinicalTrials.gov identifier: NCT01211262] is currently underway for IMCgp100, an ImmTAC for melanoma, but to date there are no clinical trials for ImmTACs in hematologic malignancies.
Overcoming T-cell exhaustion: improving persistence. Ideally, infused T cells would have longterm persistence in the memory compartment, so that patients may have lifelong protection against recurrence of their malignancies. Virus-specific T cells appear to have significant persistence as latent viruses continue to secrete antigens providing the stimulation necessary for T-cell proliferation and persistence. Tumors, however, tend to downregulate antigens. In vitro and in vivo studies have shown that IL-15 and IL-21 may improve -cell persistence as they lead to a memory phenotype [Hoyos et al. 2010; Singh et al. 2011] . Another possible strategy to improve persistence is to generate T cells that are both tumor specific and virus specific [Cruz et al. 2013; Micklethwaite et al. 2010; Rossig et al. 2002; Terakura et al. 2012] . Other groups have focused on the importance of the T cells utilized for gene modification, such as central memory derived or naïve derived T cells [Distler et al. 2011; Hinrichs et al. 2011 ]. In addition, improvements within the CAR construct have also allowed improvements in CAR T cell persistence and efficacy [Jonnalagadda et al. 2014 ]. Furthermore, building on the success in melanoma and solid tumors, there is growing interest in combing the use of checkpoint inhibitors targeting programmed cell death protein 1 (PD-1), program cell death ligand 1 (PD-L1), and cytotoxic T-lymphocyteassociated protein 4 (CTLA-4) to foster T cell persistence in vivo [Pardoll, 2012; Topalian et al. 2015] . Despite significant advances in adoptive T cell immunotherapy, the ability to generate modified T cells quickly and cost effectively remains a limiting factor. Prolonged culture time not only delays availability to patients but also causes cell anergy. The use of novel bioreactors that allow improved gas exchange and surface area may decrease production time [Vera et al. 2010] .
Conclusion
Adoptive T-cell immunotherapy is revolutionizing the treatment of hematologic malignancies and offers hope to patients with relapsing disease after HSCT and have few other therapeutic options. While there have been numerous advancements thus far, significant limitations remain. Future directions of research will include optimizing the generation of modified T cells to enhance not only efficacy but also the cost and time of manufacturing so that they may be readily available. Current and future clinical trials will hopefully build upon current successes with the potential to render adoptive T-cell immunotherapies the standard of care for hematologic malignancies for patients with refractory or relapsed disease.
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